A model of the effective electrical conductivity for carbon nanotube (CNT) composites is presented by incorporating the interface effect with an average field theory. The dependence of the effective electrical conductivity on CNT length, diameter, concentration, and interface properties has been taken care of simultaneously in our treatment so that the model can describe well the interface effect of CNT composites. Predictions from the model are in good agreement with the experimental values of the effective electrical conductivity of CNT composites which the classical models have not been able to explain.
Introduction
Carbon nanotubes (CNTs) have been investigated intensively for many potential applications, due to their unique structure and properties. In particular, CNT composites in which the CNTs are used as fillers have attracted much attention and are a promising direction in nanotechnology [1] [2] [3] [4] [5] . For example, people have produced conductive CNT composites at very low CNT filling concentration. Lower filling fractions imply smaller perturbations of bulk physical properties, such as optical transparency and strength, as well as lower cost [5] . Based on these findings, attempts have been made to explain the very low conductivity thresholds and the dependence of the electrical conductivity of CNT composites on the CNT loading by means of Monte Carlo simulations [6] .
Recently, people have demonstrated that the interface properties of the CNT-matrix are very important for the transport properties of CNT composites and are of particular interest. Recently, Cahill and co-workers experimentally measured the interface thermal resistance (R K ) and found that the thermal transport in the CNT composites would be limited largely by R K . Also, a very recent experiment has shown that a value of R K across the CNT-matrix is about 8.3 × 10 −8 K m 2 W −1 [7] . Theoretical research has demonstrated that the R K in CNT composites was attributed to the weak 1 Author to whom any correspondence should be addressed.
atomic bonding at the CNT-matrix [8] . Besides, people have found that the interface properties can tremendously affect the electrical transport properties of CNT composites. For example, the critical CNT content can be largely reduced by the surface treatment of CNTs, and the electrical conductivity of CNT composites can be affected largely by the surface treatment of CNTs [1, 9, 10] . There are interactions between the CNTs and the matrix, such as the attractive van der Waals interactions [11, 12] and chemical bonds. Therefore, an interface shell forms between the CNT and the matrix, whose properties differ from that of the CNT and the matrix and are determined by the properties and distributions of the matrix particulates and the CNTs and so on.
Not considering the thickness of the interfaces between the CNTs and the matrix, several thermal conductivity models of CNT composites have been proposed [13] [14] [15] .
For example, we have presented a model of the effective thermal conductivity for CNT composites. In the earlier model the dependence of the effective conductivity on nanotube length, diameter, concentration, and interface thermal resistance had been discussed. However, due to considering the interface effect as an interface thermal resistance with zero thickness, the model cannot explain the percolation phenomena in the electrical properties of the CNT composites. Recently, the experimental results have demonstrated that the thickness of the interface has an important effect on the critical content of the electrical percolation of CNT composites [10] . Therefore, the existing models cannot describe the interface effect on the electrical properties of CNT composites exactly.
In this paper, we present a model of the effective electrical conductivity for CNT composites by incorporating the interface effect with an average field theory.
The dependence of the electrical conductivity on CNT length, diameter, concentration, and interface properties has been taken care of simultaneously in our treatment so that the model can describe well the interface effect of CNT composites.
Model of the effective conductivity of CNT composites
Since interface conductivity plays an important role in the electrical transport properties of CNT composites, a CNT coated with a thin interfacial layer should be regarded as a 'complex CNT' (as shown in figure 1 ).
As we know, the quantum effect of the CNT is important for the electrical conductivity of CNT composites. In our treatment, the quantum effect can also be regarded as a kind of interfacial effect, which affects the electrical conductivity of the interfacial layer and affects the electrical conductivity of the CNT composites accordingly. Therefore, the interface effect should include the quantum effect, which is determined by the separation of the CNTs and the interaction between the CNT and the matrix particulate in this model.
We consider that the complex CNT consists of three parts: the left interface (1), the CNT with the radial interface (2) , and the right interface (3) (as shown in figure 1 ). In this paper, σ c , σ m , σ s , and σ e are the electrical conductivities of the CNT, the matrix, the interfacial layer and the CNT composite, respectively.
The longitudinal equivalent electrical conductivity σ 33 2 of part 2, the CNT (length L, diameter d) coated with the radial interfacial layer (thickness t), can be obtained directly from the mixture rule for a simple parallel model of the radial interface/CNT, i.e.
The transverse equivalent electrical conductivity σ 11 2 of part 2 should be obtained by using Maxwell's theory. We apply an electrical field, say E 0 , on a CNT with the radial interface along a radial axis (say x axis), as shown in figure 2. According to Maxwell's equations, Laplace's equation for the potential (U ) and the corresponding boundary conditions are as follows:
where U c , U m , and U s are the electrical potentials of the CNT, the matrix, and the interfacial layer, respectively. Solving equation (2), we obtain
Substituting the boundary conditions into equation (4), we have
where
We can obtain the electrical field in the CNT along the x-axis (E c,x ) and the electrical field along the x-axis in the interfacial layer (E s,x ) as follows:
We can introduce the transverse equivalent electrical conductivity as follows:
where j x and E x are the spatial average of the electrical current density and the electrical field along the x-axis respectively, i.e.
The electrical current density in the CNT and the interfacial layer along the x-axis, respectively, are
Substituting equations (8) and (9) into equations (6) and (7), and making use of equation (5), we have
The transverse and longitudinal equivalent electrical conductivities, σ 
We turn now to discuss the effective electrical conductivity of the CNT composites. The whole composite can be regarded as a system in which the complex CNTs are randomly embedded in the matrix particles.
Let the electrical field E and electrical current density j be defined respectively by
where φ is the electrical potential and σ is the electrical conductivity. According to the average polarization theory, the effective electrical conductivity of the CNT composite is determined by the definition
where · · · denotes an average over the system volume. To find the effective electrical conductivity, one has to know the distribution of the electrical field and electrical current density in the system when an electrical filed E 0 is applied. The internal field in CNTs and matrix particles averaged over all orientations are equal to, respectively [15] ,
where B m,k and B com,k are the depolarization factors of the matrix particles and the complex CNTs, respectively, which are only determined by the shape of the matrix particle and the complex CNT along the k-axis (k = x, y, z), respectively. The electrical current density in the CNTs and matrix particles averaged over all orientations are equal to, respectively,
Substituting equations (15) and (16) into equation (14), we obtain the equation for the effective electrical conductivity of the CNT composites [15, 16] :
where f is the volume fraction of the CNTs that is filled,
, which is the ratio between the volume of the CNT and the volume of the complex CNT. Therefore, f /α is the volume fraction of the complex CNTs filled.
Because the matrix particles are irregular and their size is much smaller than the CNT length, for simplicity all the matrix particles can be regarded as balls, and all the CNTs can be regarded as the same rotationally prolate ellipsoids because their aspect ratio M = 
If so, equation (12) 
where σ The value of B c,z can be obtained by another method. When M > 15, the percolation threshold ( f c ) of the CNT composite is inversely proportional to the CNT aspect ratio M [18] , and has f c = 0
, which is found by Monte Carlo simulation [19] [20] [21] . In the general case of a CNT composite, equation (21) gives the relation between the percolation threshold and the longitudinal depolarization factor of the CNT [19] :
For CNTs, M 1 and B c,z 1, so, from equation (21) we have
Substituting equation (22) into equation (20), we have equation (23) to study the electrical effective conductivity of CNT composites with interfacial layers: (23) 
Results and discussion
To investigate the interface effect on the effective electrical conductivity of CNT composites, using equation (23) several simulations were carried out. The effect of the CNT length on the electrical conductivity enhancement in CNT composites is shown in figure 3 . It is easily found that the effective electrical conductivity increases rapidly and the percolation threshold decreases with increasing CNT length with the same CNT concentration. That is to say, the transport properties of the CNT composite will be better with larger length. It is well known that the CNTs obtained by chemical vapour deposition are much longer than those by other methods. Therefore, in order to increase the electrical conductivity of the composite, longer CNTs obtained by chemical vapour deposition can be chosen.
The dependence of the effective electrical conductivity of the CNT composites on CNT diameter is shown in figure 4 . The percolation threshold of the composite decreases with increasing CNT diameter, which is caused by the fact that the larger CNT diameter leads to fewer conductive passages at the same CNT concentration. Smaller diameter leading to better transport properties indicates a good way to improve the effective electrical conductivity of CNT composites.
As we know, the electrical conductivities of CNTs obtained by different methods are different from each other, whose effect on the effective electrical conductivity of the CNT composite is distinguished. As shown in figure 5 , the CNT composites containing CNTs with the same shape and different electrical conductivities have the same percolation threshold and have different electrical conductivities. In other words, the effective electrical conductivity is enhanced obviously by the increasing electrical conductivities of CNTs. This may be applicable in nano-semiconductor technology.
The effect of interface thickness on the effective electrical conductivity of CNT composites is shown in figure 6 . It can easily be seen from figure 6 that the percolation threshold decreases with increasing interfacial layer thickness. Besides, the effective electrical conductivity of CNT composites increases rapidly with increasing interfacial layer thickness within the threshold region.
The effect of the electrical conductivity of the interfacial layer (σ s ) on the effective electrical conductivity of CNT composites is shown in figure 7 . We can find that the effective electrical conductivity increases rapidly with increasing σ s after the percolation threshold, whereas the effective electrical conductivity increases very slowly with increasing σ s before the percolation threshold. Figure 8 shows the comparison between the experimental data and the theoretical results of the electrical conductivity of CNT-epoxy composites, in which the multiwalled CNTs are synthesized by a chemical vapour deposition method with carbon content of about 95% and treated by 40% HNO 3 (pH = 2.5) at 100
Comparison with the experiment
• C for about 1 h so that the interfaces of the CNTs are oxidized [10] . The experimental parameters are as follows: [10] . The thickness and conductivity of the interfacial layer are fitted as t = 2.5 nm and σ s = 1.85 × 10 −5 S cm −1 , respectively. As shown, considering the interface effect, the predictions from equation (24) are in excellent agreement with the experimentally observed values of the effective electrical conductivity of CNT composites in the whole CNT content which the traditional model cannot understand. Without considering the interface effect, the disagreement of the fitted curve with the reported data is also obviously shown in figure 8 . According to equation (24), the percolation threshold decreases with increasing interfacial layer thickness so that, when the volume fraction of the CNTs is smaller than the percolation threshold, the effective electrical conductivity of CNT composites increases rapidly with increasing interfacial layer thickness (as shown in the inset of figure 8 ), in accord with the results in figure 7 . However, when the volume fraction of the CNTs is larger than the percolation threshold, the effective electrical conductivity of CNT composites is mainly decided by the electrical conductivity of the complex CNTs. The electrical conductivity of the complex CNTs decreases rapidly with increasing interfacial layer thickness so, when the volume fraction of the CNTs is larger than the percolation threshold, the effective electrical conductivity of CNT composites decreases rapidly with increasing interfacial layer thickness.
There is another comparison between the experimental data and the theoretical results of the electrical conductivity of CNT-epoxy resin composites [22] . In this work, the CNTs (d = 2-3 nm, M = 5000-10 000, σ m = 7.9 × 10 −16 S cm −1 ), more than 80% with one or two walls, were synthesized by catalytic chemical vapour deposition, and then were treated by palmitic acid so that the interfaces of the CNTs were modified. In order to consider that the CNTs intersect with each other in the experiment, it is supposed that the CNT length value is reduced due to the CNTs intersecting. In the calculation, when σ m = 7.9 × 10 −15 S cm −1 , σ s = 5 × 10 −6 S cm −1 , σ c = 1850 S cm −1 , L = 1.6 × 10 3 nm, d = 2.5 nm, and t = 1.5 nm, the calculated curve can reflect the experimental data trend properly, as shown in figure 9.
Conclusion
In summary, we present a model of the effective electrical conductivity of CNT composites by incorporating the interface effect with an average field theory.
The dependence of the effective electrical conductivity on CNT length, diameter, concentration, and interface properties has been taken care of simultaneously in our treatment, so that the model can describe well the interface effect of CNT composites. The model predicts that the percolation threshold decreases with increasing interface thickness. Also, when the CNT content is larger than the percolation threshold, the electrical conductivity of the interface has a large effect on the effective electrical conductivity of CNT composites. Predictions from the model are in excellent agreement with the experimentally observed values of the effective electrical conductivity of CNT composites in the whole CNT content which the traditional model cannot understand.
